Under the influence of cardiotonic steroids, single ventricular cells exhibit transient depolarization after a train of driven action potentials or, in voltage clamp experiments, transient inward current after a depolarizing clamp pulse. Transient depolarization or transient inward current was abolished by an intracellular injection of ethyleneglycol-bis 06-aminoethyl ether)-JV,N'-tetraacetic acid (EGTA) or by superfusion of 5 mM caffeine. Transient depolarization was elicited even in the control Tyrode's solution by an intracellular injection of CaCh or augmented by an injection of adenosine 3',5'-cyclic monophosphoric acid (cAMP). Along with transient depolarization or transient inward current, digitalis intoxication promoted spontaneous oscillatory fluctuations in membrane potential or in membrane current. Their power spectra showed peaks at frequencies ranging from 2 to 7 Hz, which coincided well with the frequency of repetitive transient depolarization or transient inward current. The fluctuations were eliminated by intracellular injections of EGTA and decreased in amplitude by 5 mM caffeine with a shift toward higher frequencies. Depolarization of the membrane caused a shift of the spectrum peak toward higher frequencies. These results suggest that an oscillatory release of Ca from intracellular storage sites is the common basis underlying both the transient events (depolarization or inward current) and the spontaneous miniature fluctuations in membrane potential or current.
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From the National Institute for Physiological Sciences, Myodaiji, Okazaki, Japan SUMMARY. Under the influence of cardiotonic steroids, single ventricular cells exhibit transient depolarization after a train of driven action potentials or, in voltage clamp experiments, transient inward current after a depolarizing clamp pulse. Transient depolarization or transient inward current was abolished by an intracellular injection of ethyleneglycol-bis 06-aminoethyl ether)-JV,N'-tetraacetic acid (EGTA) or by superfusion of 5 mM caffeine. Transient depolarization was elicited even in the control Tyrode's solution by an intracellular injection of CaCh or augmented by an injection of adenosine 3',5'-cyclic monophosphoric acid (cAMP). Along with transient depolarization or transient inward current, digitalis intoxication promoted spontaneous oscillatory fluctuations in membrane potential or in membrane current. Their power spectra showed peaks at frequencies ranging from 2 to 7 Hz, which coincided well with the frequency of repetitive transient depolarization or transient inward current. The fluctuations were eliminated by intracellular injections of EGTA and decreased in amplitude by 5 mM caffeine with a shift toward higher frequencies. Depolarization of the membrane caused a shift of the spectrum peak toward higher frequencies. These results suggest that an oscillatory release of Ca from intracellular storage sites is the common basis underlying both the transient events (depolarization or inward current) and the spontaneous miniature fluctuations in membrane potential or current. (Circ Res 51: 142-151, 1982) ONE of the characteristic toxic effects of cardiotonic steroids is transient depolarization (TD) after a train of electrically evoked action potentials in the Purkinje fibers (Davis, 1973; Rosen et al., 1973a Rosen et al., , 1973b Hogan et al., 1973; Ferrier and Moe, 1973) , in atrial specialized fibers (Hashimoto and Moe, 1973) and in ventricular muscle fibers (Ferrier, 1976) . TD is enhanced by the fast drive and can trigger arrhythmogenic action potentials. This behavior distinguishes digitalis-induced TD from normal pacemaker depolarization. Several studies have attempted to determine the mechanisms responsible for TD. Initially, Ferrier and Moe (1973) suggested the involvement of Ca in this phenomenon from the finding that TD is enhanced in Ca-rich solutions. Later, Ferrier (1976) proposed the hypothesis that the primary event is an oscillatory release of Ca from intracellular stores and that TD is a secondary event resulting from the action of the released Ca on the cell membrane. In agreement with this view, voltage clamp studies revealed a transient inward current deflection (TI) occurring periodically when the membrane potential was clamped back after depolarization. Measurements of the reversal potential of TI led Kass et al. (1978a Kass et al. ( , 1978b to conclude that TI is carried by monovalent cations such as Na. It is hypothesized (Aronson and Gelles, 1977; Kass et al., 1978a) that, as the Na-K pump is poisoned by cardiotonic steroids, Na ions accumulate within the cell, resulting in a reduction in Ca efflux via the Na-Ca exchange. The excess of Ca within the cell may cause the oscillatory release of Ca from intracellular stores and induce the conductance change for Na in the surface membrane. Cainduced release of Ca from the sarcoplasmic reticulum has been documented in skinned cardiac fibers (Fabiato and Fabiato, 1975a) .
Spontaneous miniature fluctuations in the membrane potential, current, or tonic tension have also been observed within cells in a state of Ca overload (Glitsch and Pott, 1975; Kass et al., 1976; Lederer and Tsien, 1976; Aronson and Gelles, 1977; Irisawa and Noma, 1977; Eisner and Lederer, 1979) . This is another phenomenon in which periodic intracellular Ca movement between the myoplasm and intracellular storage sites is implied.
To ascertain the role of intracellular Ca ions in these phenomena, we isolated single ventricular cells using collagenase, and altered the intracellular Ca concentration by injecting EGTA or Ca into the cell. We also tested substances such as cAMP and caffeine which modulate the oscillatory movements of Ca between intracellular stores and myoplasm.
Methods

Preparations of Isolated Single Ventricular Cells
Guinea pigs of either sex weighing 300-500 g were anesthetized with pentobarbital sodium (40-50 mg/kg). The chest was opened under artificial respiration and the aorta was cannulated in situ to perfuse the coronary arteries. The heart then was dissected out and the blood was washed out by coronary perfusion with Tyrode's solution equilibrated with a 95%O 2 -5%CO 2 gas mixture. The composition of the Tyrode's solution (mni) was: NaCl, 136.9; NaHCO.,, 11.9; KC1, 5.4; CaCl 2 , 1.8; MgCl,, 0.53; NaH 2 PO 4 , 0.33; glucose, 5.5; and HEPES, 5.0; and the pH was adjusted to 7.3-7.4. After the heart was perfused with about 50 ml of Ca-free Tyrode's solution, the perfusate was switched to a Ca-free Tyrode's solution containing 0.4 mg/ml collagenase (Sigma, type 1), which was recirculated with a peristaltic pump for 1 hour. Thereafter collagenase was washed out by 100 ml of a high K-low Cl solution (storage solution) containing (in ITIM): taurine, 10; oxalic acid, 10; glutamic acid, 70; KC1, 25; KH 2 PO.,, 10; HEPES, 10; glucose, 11; and EGTA, 0.5; pH was adjusted to 7.4 by adding KOH (Isenberg, personal communication). The preparation was stored in this solution at 4°C for later experiments. The temperature of all perfusates was kept at 36-37°C during the coronary perfusion, and the hydrostatic pressure for perfusion was approximately 65 mm H 2 O.
Recording Techniques and Intracellular Injection
Before each experiment, the tissue piece was dissected from the left ventricle and stirred with forceps in the recording chamber filled with Tyrode's solution containing 10.8 mil K. All data in this paper were obtained with 10.8 mM K Tyrode solution, because the electrical activity of single cells was more stable at 10.8 min K than at 5.4 mM K. The recording chamber was 15 mm wide, 20 mm long, and 2-3 mm deep. After the isolated cells had settled on the floor of the chamber, the perfusion was started at a rate of 2-3 ml/min. The temperature of the perfusate and the recording chamber was kept at 36-37°C. The isolated cells were quiescent, unless stimulated electrically through the microelectrode.
Membrane potentials were recorded from a conventional glass microelectrode filled with 130 mM K-aspartate or 125 ITIM KC1 which was buffered by 5 mM HEPES at pH 7.3. For the intracellular injection, the electrode was filled with the chemical substances and the potentials were recorded from this electrode. The cells were stimulated by a short current pulse (3-5 msec) through the recording microelectrode. The two-microelectrode voltage clamp technique was employed as for conventional multicellular preparations (Deck et al., 1964; Noma and Trautwein, 1978) . The membrane potentials and currents were displayed on the storage oscilloscope and simultaneously recorded on magnetic tape (TEAC, R-210).
For Ca injections, the electrode was filled with a mixture of 0.5 mM CaCI 2 , 125 mM KC1, and 5 mM HEPES adjusted with KOH to pH 7.3. For EGTA injections, 10 mM of K-EGTA (a mixture of free EGTA and various K salts of EGTA) was dissolved in 130 mM K-aspartate which was buffered by 5 mM HEPES at pH 7.3. Tris salt of cAMP (Sigma) was also dissolved at a concentration of 10 mM in 130 mM K-aspartate. These solutions were injected intracellularly by pressure (0.5-3 kg/cm 2 ) applied to the interior of the electrode from a gas tank of N 2 . In the control experiment, we repeatedly injected 130 mM K-aspartate and 125 mM KC1 solutions into the single cell and could not detect any significant changes in the action potential in most cases (Trautwein et al., 1982) , although sometimes a shift of membrane potential was observed in either direction during the pressure application. A stock solution of strophanthidin (Sigma, 1 mM) or ouabain (Sigma, 10 mM) was diluted with Tyrode's solution containing 5.4 mM Ca at a final concentration of 2-10 fiM and perfused directly into the recording chamber.
Spectral Analysis of Voltage and Current Fluctuations
Membrane potentials or current were amplified and were fed via a low-pass filter (NF Circuit Design Block Co. FV-625A, 48dB/oct) with a cut-off frequency of 50 Hz into a computer (NICOLET, . Essentially the same procedure of calculation was performed as described elsewhere (Noma et al., 1979) . The record was digitalized and broken into frames (frame length = 10 sec) of 1024 samples each. Estimates of power spectra were calculated for each frame via a fast Fourier transform routine (Bendat and Piersol, 1971 ), resulting in one-sided spectra. Spectra of two sequential frames were averaged, and only the low frequencies (0-12 Hz) were illustrated in a linear scale, because the power density at higher frequencies (12-50 Hz) was negligibly small.
Results
Digitalis-Induced Transient Depolarization and Voltage Fluctuations
Exposure of single ventricular cells to ouabain (5-10 JUM) or strophanthidin (2-10 JUM) induced effects similar to those reported previously in multicellular preparations (see Introduction for references) within 5 minutes. Figure 1 gives a typical example. The upper panel shows the last part of a train of 10 action potentials evoked at 4 Hz. The record of the ouabain run (thick tracing) is superimposed on the control record (fine tracing). In the control record, the action potential duration at the level of 90% repolarization was 136 msec, and TD was not elicited. After exposure to 5 / XM ouabain for 5 minutes, the action potential duration decreased to 100 msec, and the transition from phase 3 repolarization to the resting potential became slower. TD appeared periodically (at about 4 Hz) following the last action potential. It decreased in amplitude gradually and disappeared within 3 cycles, but high gain records revealed the presence of miniature fluctuations of the membrane potential. The middle panel compares such tracings recorded from the same cell described above in the absence of drugs (B,l) and during the course of exposure to ouabain (B,2-4) every 100 seconds. The voltage fluctuations increased in frequency as well as in amplitude with time. This progressive change is demonstrated clearly by the spectral analysis in the lower panel. In the control tracing (not numbered), random noise was observed at the lower frequency end, which might have arisen partly in the recording apparatus and partly in the cell membrane (Anderson and Stevens, 1973) . Under the influence of ouabain, a sharp peak of power density appeared at around 2-3 Hz in addition to the random noise (C,2-4). The narrow distribution of the power density indicates the regular oscillatory nature of the miniature fluctuations.
The current change underlying the above observations was investigated using a voltage clamp method (Fig. 2 ). The upper panel shows current tracings during a series of 450-msec depolarizing pulses from a holding potential of -40 mV to levels spaced 10 mV The last action potential in a series of ten evoked at 4 Hz is shown. The record of the ouabain run (thick tracing) is superimposed on the control record (fine tracing). After obtaining the control record, 5 fiM ouabain was perfused, while the cell was not driven. A train of 10 stimuli was applied again 5 minutes after the start of ouabain exposure. TD appeared periodically following the last action potential. Also note the shortening of the action potential and the slow transition from phase 3 repolarization to the resting potential after ouabain treatment. B: The resting membrane potential was recorded at a high gain in the absence of drug (1) and during the course of exposure to ouabain (2-4) every 100 seconds. The voltage fluctuations appeared after ouabain treatment and increased in frequency as well as in amplitude as time advanced. C: Spectral analysis of the voltage fluctuations showed a peak of the power density at around 2-3 Hz after ouabain. Tracings of power density correspond with the high gain tracings as indicated by the appropriate numbers. (It is the same in the following figures.) apart; they correspond, from top to bottom, to clamp steps to +30, +20, +10, -30, 0, -10, and -20 mV in the control record (A,l), and to +30, +20, -30, +10, 0, -10, and -20 mV in the record after exposure to 5 j UM ouabain for 5 minutes (A,2). During the clamp at potentials between -30 and +10 mV, a slow inward current was inactivated within 100 msec and a new steady state level was reached, which was less outward than the holding current because of the negative slope conductance. The faster inactivation of the slow inward current after ouabain treatment may account for the shortening of the action potential duration. More obvious effects of ouabain were observed on repolarization to the holding potential. After ouabain treatment the clamp pulse above -10 mV evoked a distinct inward current tail and repetitive (at about 8Hz) TI. Both the inward tail and TI gradually increased with stronger depolarization. Lower panel shows current fluctuations recorded from another cell after ouabain treatment. The membrane potential was clamped to -52 mV. Oscillatory current fluctuations were not observed during the control period (B, tracing 1), but appeared 5 minutes after exposure to 10 JUM ouabain (B, tracing 2). Spectral analysis showed a clear resonant frequency at around 5 Hz after ouabain treatment (B, 2), whereas it revealed only random noise at the lower frequency end during the control period (B, 1).
The spectral density with a peak at around 3-5 Hz After ouabain treatment (A,2), TI and a distinct inward current tail were observed. Both TI and the inward current tail gradually increased with stronger depolarization. B: The membrane potential was clamped to -52 mV. The control record (tracing 1) was obtained in the absence of drug. After exposure to 10 /IM ouabain, the cell exhibited current fluctuations (tracing 2). Spectral analysis showed a clear resonant frequency at around 5 Hz after ouabain treatment. and the appearance of TD or TI with the same frequency range clearly indicate that the voltage-and time-dependent changes of Hodgkin-Huxley type channels are not involved in these events. Furthermore, it strongly suggests that a common subcellular mechanism underlies both transient events and miniature fluctuations.
Effects of EGTA Injection
TD or TI and spontaneous fluctuations in membrane potential or current are not pharmacological phenomena peculiar to cardiotonic steroids, because these phenomena can be evoked in the absence of digitalis by either increasing extracellular Ca (Ferrier and Moe, 1973; Kass et al., 1978a) or decreasing extracellular Na (Kass et al., 1978b) or K (Eisner and Lederer, 1979; Hiraoka et al., 1979; . This fact implies that an increase in intracellular Ca is the important factor, irrespective of whether such an increase has been brought about by inhibition of the Na-K pump or by some other mechanisms. To obtain direct evidence for this, we studied the effects of the intracellular injection of EGTA on digitalis-induced electrical phenomena. Figure 3 illustrates the effect of EGTA injection on TD. The cell was driven by a train of 10 stimuli at 4 Hz, and the last action potential was illustrated on a magnified scale. The inset in each panel shows the first action potential of a train. In the control record (1), TD was not observed. After exposure to 10 JUM ouabain for 4 minutes, the duration of the first action potential of a train decreased from 157 to 70 msec, and the last action potential was followed by TD (2). The bottom record (3) was obtained 40 seconds after EGTA injection. The duration of the first action potential returned to 150 msec (although the following ones became shorter than the first one), and TD was completely inhibited. The action potential configuration revealed a slower transition from phase 3 repolarization to the resting potential after ouabain treatment than during the control period. After EGTA injection, this slow transition phase disappeared. The suppressive effect on TD was irreversible.
EGTA injection has a depressive effect on TI as well as on TD (Fig. 4) . The depolarizing pulse to +20 mV was imposed on a holding potential of -40 mV (top tracing). On repolarization to the holding potential, an inward current tail was followed by a small TI in untreated preparations (1). TI increased in amplitude 2 minutes after exposure to 2 JUM strophanthidin (2) but was abolished by EGTA injection within 30 seconds from the start of injection (3). EGTA, injected intracellularly, also eliminated the inward current tail observed during the control and strophanthidin runs. This inward current tail might be responsible for the slow transition from phase 3 repolarization to the resting potential recorded in the digitalis-treated cell.
The effect of EGTA injection on spontaneous voltage fluctuations was also tested (Fig. 5) . ouabain for 5 minutes (tracing 1) were markedly diminished soon after (within 10 seconds) EGTA injection (tracing 2). Spectral analysis confirmed that the peak spectral density lay at around 7 Hz after exposure to ouabain (1) and was completely abolished by EGTA injection (2).
Effects of Ca Injection
The inhibition of TD, TI, or voltage fluctuations by EGTA injection strongly suggests that an increase of intracellular Ca is a prerequisite for the generation of these phenomena. To confirm this view, CaCb was injected into a single ventricular cell in the control Tyrode's solution (Fig. 6) . The cell was driven by a train of 10 stimuli at 4 Hz. The top record (1) was obtained in the control Tyrode's solution (1.8 ITIM Ca) where TD was not observed. After Ca injection for 20 seconds, a small TD was elicited periodically (2). TD was increased in amplitude further during the next 1 On repolarization to the holding potential, a small TI was recorded during the control period (1), which increased in amplitude after exposure to 2 /IM strophanthidin (2). TI was abolished by EGTA injection (3). EGTA also eliminated the inward current tail observed in the control and the strophanthidin run. minute (3) but subsided 3 minutes after the end of injection (4). The slower transition from phase 3 repolarization to the resting potential became obvious as TD was pronounced (2,3). After TD subsided, the shortened action potential recovered, and rectangular transition from phase 3 to the resting potential became evident, as in control run (4).
Intracellular Injection of cAMP
The results presented so far show the central role of intracellular Ca in initiating the transient events and miniature fluctuations. An increase of intracellular Ca may in turn cause an oscillatory change in intracellular Ca, perhaps involving Ca release and uptake by the sarcoplasmic reticulum (Fabiato and Fabiato, 1972; 1975a; Bloom et al., 1974) . Therefore we attempted to modify oscillatory Ca movement by injections of cAMP, superfusion of caffeine, and alteration of the membrane potential.
cAMP has been known to enhance Ca uptake by sarcoplasmic reticulum via phosphorylation of phospholamban (Tada et al., 1978) , resulting in an increase in one cycle of Ca release from the sarcoplasmic reticulum (Fabiato and Fabiato, 1975b) . Injection of cAMP may also enhance Ca overload during a train of action potentials by increasing the amplitude of the slow inward current. One or both of these two factors may account for the enhancement of TD by cAMP injection (Fig. 7) . The cell was driven by a train of 10 stimuli at 4 Hz. The top record was taken in a cell exposed to 10 JUM strophanthidin for 2 minutes. The last action potential was followed by a small TD (1). Intracellular injection of cAMP increased the amplitude of TD within 30 seconds (2). When the increase in the amplitude of TD was sufficient to bring the membrane potential to the threshold, a spontaneous full-blown action potential was elicited.
Effect of Caffeine on TD and Voltage Fluctuations
Caffeine promotes Ca release and inhibits Ca uptake by the sarcoplasmic reticulum (Weber and Herz, 1968; Endo, 1977) , thus increasing intracellular Ca concentration. Caffeine accelerates cyclic contractions of skinned cardiac fibers, but diminishes their amplitudes at higher concentrations (Fabiato and Fabiato, 1972; Bloom et al., 1974) , suggesting that caffeine in a large dose inhibits the phasic variations in intracellular Ca. Thus, if the subcellular mechanism responsible for TD involves Ca release and uptake by the sarcoplasmic reticulum, one would expect that TD would be eliminated by high concentrations of caffeine. Figure 8 conditions, where TD was not elicited (1). After exposure to 10 j UM ouabain for 3 minutes, the last action potential of a train was followed by TD (2). The slower transition from phase 3 repolarization to the resting potential also was observed. TD was eliminated completely 1 minute after the addition of 5 ITIM caffeine to the perfusate (3). A low dose of caffeine (0.5 ITIM) failed to suppress TD (not shown). The effect of caffeine on voltage fluctuations is illustrated in Figures 9 and 10 . The upper panel of Figure 9 shows voltage tracings recorded at a high gain. Tracing 1 was obtained under control conditions. Large fluctuations with waxing and waning were recorded after exposure to 5 JUM ouabain for 3 minutes (A, 2). Spectral analysis shows a clear two-peaked power density at around 2. 5 Hz (B,2) . Voltage fluctuations decreased in amplitude but increased in frequency 2 minutes after the addition of 5 ITIM caffeine to the perfusate (A,3) . Such a change was manifested in a power spectrum which revealed a small spectral density at around 7 Hz (B,3; shown in dark area). Caffeine in a low concentration (0.5 ITIM) increased voltage fluctuation frequency with slight decrease in amplitude (Fig. 10) . Voltage fluctuations resemble mechanical fluctuations in their response to caffeine (Glitsch and Pott, 1975; Stem et al., 1981) , suggesting that voltage fluctuations reflect intracellular Ca variations like fluctuations in contractile force.
Effects of Membrane Potentials on Current Fluctuations
Membrane potential is the other factor influencing the distribution of Ca within the cell. The membrane potential was clamped to different levels, and current fluctuations were recorded (Fig. 11) . The cell exhibited strophanthidin 10~5M
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FicuKt 7. Enhancement of TD by cAMP injection. The last part of a train of 10 action potentials evoked at 4 Hz is shown. A small TD was recorded after exposure to 20 fiM strophanthidin (1). cAMP injection increased the amplitude of TD (2). When the increase was sufficient to bring the membrane potential to the threshold, a spontaneous action potential was elicited. A small hyperpolarizarion was observed as soon as pressure for injection was applied, so was considered to be artificial. (1). After exposure to 10 )IM ouabain, TD appeared following the last action potential (2). It was eliminated completely 1 minute after the addition of 5 mM caffeine to the perfusate (3).
spontaneous current fluctuations in the control Tyrode's solution, probably due to Ca overload caused by the penetration of the two microelectrodes. The membrane potential was held at -60 mV, which was close to the resting potential (A,2). It was then depolarized to -40 mV (A,l), clamped back to -60 mV, and hyperpolarized to -80 mV (A,3). The duration of each clamp step was about 1 minute. Spectral analysis shows that current fluctuations increased in frequency but decreased in amplitude as the membrane was depolarized from -60 mV to -40 mV. At -80 mV, the fluctuations became irregular and the several peaks of the spectral density appeared at lower frequencies.
Discussion
The appearance of transient electrical activities (TD or TI) and spontaneous fluctuations in membrane potential or current in fibers exposed to cardiotonic steroids are intriguing phenomena that have lacked an entirely satisfactory explanation. These phenomena have been studied in multicellular preparations of the heart, but only a few studies have been reported in the single cell (Mehdi and Sachs, 1978) . We studied the mechanisms of digitalis-induced electrical phenomena in single ventricular cells isolated with collagenase treatment. This preparation allowed us to inject chemical substances into the cell and to analyze current or voltage fluctuations more precisely than in larger conventional preparations. (3) . B: Spectral analysis shows a clear two-peaked power density at around 2.5 Hz after ouabain treatment (2) . Caffeine in a dose of 5 mM shifted the peak toward higher frequencies and decreased its amplitude remarkably (3; in dark area). Also note waxing and waning of the voltage fluctuations (2, 3).
As a result, we obtained several findings in support of the hypothesis proposed previously (Aronson and Gelles, 1977; Kass et al., 1978a) . (1) Both TI and oscillatory miniature fluctuations were observed even when the membrane potential of the single cell was clamped to a constant level.
(2) Injection of EGTA immediately suppressed the miniature fluctuations as well as TD or Tl produced by cardiotonic intoxication, while injection of Ca induced TD in cells perfused with the control Tyrode's solution. These results suggest strongly that intracellular Ca plays a central role in these phenomena.
(3) The interventions of intracellular Ca movements modify these events in a predicted way: intracellular injection of cAMP enhanced TD partly due to action on the Ca transport by the sarcoplasmic reticulum, and superfusion of caffeine abolished TD at a high concentration due to the reduced amplitude of phasic variations in intracellular Ca. (4) Spectral analysis of voltage or current fluctuations evoked during exposure to ouabain showed a clear resonant frequency between 2 and 7 Hz, which is almost the same as the frequency of periodic TD or TI. All these results suggest that a common subcellular mechanism underlies both the transient events and miniature fluctuations and that it involves oscillatory variations in intracellular Ca concentration, probably due to cycles of Ca uptake and release by the sarcoplasmic reticulum Fabiato, 1972, 1975a; Bloom et al., 1974) . If the hypothesis of a subcellular mechanism involving oscillatory Ca movements is correct, the fre-quency of the repetitive transient event or the resonant frequency of the miniature fluctuations should depend on the intracellular Ca concentration like that of contractile fluctuations (Lappe and Lakatta, 1980) . In the present experiment, we did not measure the intracellular Ca concentration directly, but several findings revealed the Ca-dependent increase in frequency. (1) When the extracellular Ca concentration was raised, the interval between the last action potential and the peak of TD was abbreviated, as has been shown by Ferrier and Moe (1973, not shown in this paper).
(2) The sinusoidal fluctuations were gradually accelerated as the application of digitalis was prolonged. During the course of exposure to the drug, intracellular Ca might have been elevated (Dahl and Isenberg, 1980) . (3) The frequency of voltage fluctuations was increased by superfusion of caffeine, though their amplitude was decreased at higher concentrations. The frequency of the current fluctuations was increased as the membrane was depolarized. This is presumably attributed to an increase of intracellular Ca during depolarization, which is inferred from the increase of tonic tension on depolarization (Eisner and Lederer, 1979) .
In the present study, we did not deal with how the intracellular Ca acts on the surface membrane conductance to cause current fluctuations or TI. Kass et al. (1978a Kass et al. ( , 1978b showed that strophanthidin-induced TI reverses at about -5 mV in the multicellular preparations and that the reversal potential of TI is a function of the external Na, concluding that Na is the major charge carrier. They proposed the possibility that internal Ca increases the membrane conductance to Na. In the following discussion, we assume that an increase of the myoplasmic Ca concentration produces a special membrane conductance with the reversal potential of about 0 mV.
Voltage fluctuations with waxing and waning were observed in single ventricular cells ( Fig. 9 ), suggesting that Ca release and uptake occur in multiple loci within the cell. If there happen to be two major oscillatory centers with slightly different frequencies in the cell, waxing and waning in voltage fluctuations may occur due to the mechanisms similar to the beat phenomenon in acoustics.
If the localized cyclic Ca movements take place independently within the cell, how are they synchronized to generate TD or TI? The initiation of TD or TI is dependent on preceding depolarization, irrespective of whether it is caused by an evoked action potential or by a depolarizing clamp pulse. On depolarization of the membrane, the concentration of intracellular free Ca may be increased by both the influx through the slow inward current channel and the release of Ca from the sarcoplasmic reticulum. Furthermore, under the influence of cardiotonic steroids, extrusion through the Na-Ca exchange mechanism (for a review see Reuter, 1974) might not be effective, because of the decreased electrochemical gradient for Na. Once such a precondition of Ca loading is established during depolarization, repolarization may induce a synchronous Ca uptake by the whole population of the sarcoplasmic reticulum within the cell. This, in turn, might cause a gradual increase of Ca in the storage sites. When the Ca level in the storage sites reaches a certain level, spontaneous and synchronous Ca release from the sarcoplasmic reticulum may occur (Fabiato and Fabiato, 1975a) , thus generating TI or TD. During periodic cycles of transient events, the total concentration of myoplasmic Ca may be gradually decreased because of the still remaining Na-Ca exchange mechanism, and the synchronizing effect of depolarization subsides. Finally, phasic variations of free Ca concentration due to oscillatory Ca movements in several loci within the cell remain and cause voltage or current fluctuations of the surface membrane. This hypothesis is in agreement with the finding that a certain degree of repolarization, as well as preceding depolarization, is required for the appearance of TI (Vassalle and Mugelli, 1981) .
The action potential of the cell exhibiting TD was not only shortened in duration, but also much delayed in its final repolarization from phase 3 to the resting level ( Figs. 1, 3, 6, and 8) . The cell was restored to its control configuration of action potential when intracellular Ca was reduced and TD was inhibited as a result (Figs. 3 and 6 ). In accordance with this finding, the voltage clamp experiment revealed a distinct inward current tail after digitalis treatment, which increased with stronger depolarization in parallel with TI (Fig. 2) . Furthermore, EGTA injection eliminated this current tail as well as TI (Fig. 4) . These results suggest that the inward current tail observed under the influence of digitalis (1) may be responsible for the delayed transition from phase 3 to the resting potential, (2) is unlikely to result from the slow inward current, because the inward current tail was abolished by EGTA injection while the slow inward current remained on depolarization, and (3) is, rather, attributed to the same Ca-mediated conductance change as TI. Decrease of the myoplasmic Ca concentration on repolarization may cause a decay of the inward going current (the same current as TI) which was induced during depolarization by an increase of intracellular Ca.
